Our increased understanding of the ischaemic cascade has driven the rush to develop neuroprotective interventions. Over 500 have been reported to effectively improve outcome in experimental animal models of stroke. Although a number of well-conducted clinical trials have been performed, we have failed to reproduce these effects in humans [1] . Despite these difficulties in translation, neuroprotection remains an important potential therapy. If safe and easily administered, potentially in a pre-hospital setting, even small absolute benefits might have a significant impact.
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Translational failure has been hotly debated, and many plausible explanations have been put forward. These include the possibility that clinical trials may have failed to detect neuroprotection where it does in fact exist, that animal studies may overstate the efficacy of neuroprotective interventions they test, and that the experimental models that we use may not replicate human stroke with sufficient fidelity. We do not believe that animal models are inherently faulty; indeed, the evidence suggests that the main themes of stroke biology hold true across all mammals studied so far. Clinical trial design and the strength and weaknesses of animal models and their employment are the subject of intense study [1] [2] [3] [4] [5] , and in vivo testing will remain an important part of our overall armamentarium.
However, we need to consider the possibility that rodent molecular targets might not all be present in humans. Moreover, without robust target identification and proof-ofprincipal demonstration that attacking these targets elicits appropriate cellular responses, the foundations of our translational pyramid are weak and the pyramid itself is subject to collapse. Importantly, when the final target species is Homo sapiens, there is little logic to in vitro testing in cells from other species if human cell cultures are available at similar cost.
Why might humans and rodents not share the same molecular targets? While both species share all the hallmarks of mammals, they are separated by 80 million years of evolution [6] . Humans have large gyrencephalic brains with a high proportion of white matter, while most experimental animals have small smooth brains with relatively little white matter [7] . Within the cortex, the detailed architecture is different, with cross-species variations in functional maps and synaptic density [8] . Although we may share 90 % of our genome with rodents [9] and have 93 % homology with the rhesus macaque (Macaca mulatta) [10] , a 10 % difference implies that up to 3,000 genes may be different. Even those genes with homology may still have evolved different biochemistry and function. For example, mutations that cause ornithine transcarbamylase and phenylalanine hydroxylase deficiency in humans are present in the macaque genome, but are not associated with disease [10] .
The recent disastrous clinical trial of TGN1412 that nearly killed six healthy volunteers provides another example of the risks of assuming molecular targets are identical across species. TGN1412 is believed to act through the CD28 receptor, of which the extracellular domain shares nearly 100 % homology between humans and rhesus monkeys [11] . It is now believed that the binding characteristics of the two proteins differ and that this accounts for the severe inflammatory reactions seen in humans, but not in rhesus monkeys [12] . Excitotoxicity, one of the critical early events in the ischaemic cascade, differs between species. In mice, these events, as measured in the extracellular fluid of the ischaemic penumbra, may be over within 2h, while in human CSF, they may continue for 24h [13] . Human CSF turnover occurs approximately every 7h; thus, glutamate detected 24h post-stroke is likely to be indicative of ongoing excitotoxicity in humans. Astrocyte function and particularly the pattern of glutamate transporter expression [14] may account for these potentially important differences. Since the concept of excitotoxicity is central to our understanding of the events which follow stroke, this may be a critical difference between the species. Developing a fast and effective human cell culture model of stroke may provide further insight into the efficacy of candidate interventions in the human brain and may help explain why many neuroprotective agents have failed in the clinic. A human in vitro system to test prospective neuroprotective agents is now a realistic way of bridging the gap between animal studies and clinical trials.
In the past, this has not been possible because of the lack of appropriate tools. In 2007, we performed a systematic search of the literature in PubMed using the search terms [ischaemia or stroke] and identified 200,000 studies. Of these, only 25 were identified by a sub-search on [human and in vitro]. In 2011, while an additional 100,000 studies on stroke have been reported, only five additional studies were performed in human in vitro systems. Of the 30 studies identified, 28 used immortalised cell lines derived from human neuroblastomas. These cells are not ideal models to study ischaemic stroke because of their ability to survive under hypoxic conditions and possession of abnormal karyotypes, which leads to constant cell division (not a feature of normal neurons) [15] . The remaining two studies took a more relevant but less practical approach of examining human slice preparations subject to oxygen-glucose deprivation. Both reported that human slices were more resistant to ischaemic insult than rat slices. Both examined excitotoxicity, one evaluated the activation of the NMDA receptor [16] and the other monitored the release of 3 H-labelled D-aspartate efflux (a marker of newly taken up glutamate/aspartate, during and after superfusion with an ischaemic medium [17] ). Neither study examined neuronal cell death as an outcome measure.
The use of human in vitro models of ischaemic stroke is rare. The method used to evaluate neuroprotective agents requires reform, and assessing drugs in human tissue may improve this process. To this end, it is important to develop appropriate human in vitro systems that model human disease with sufficient fidelity to be useful in translation. These models can be used to screen for relative activity. If the appropriate human in vitro models were used to evaluate the effects of TGN1412, the adverse effects associated with this drug would have been predicted. Testing of appropriately activated human T cells elicited the TGN1412-mediated cytokine release that put people's lives at risk [18] . Drug screening in characteristic myeloid, erythroid and megakaryocyte colonies derived from human embryonic stem cells [19] might have avoided this risk. With systemic and central inflammatory processes as a key facet of stroke biology and source of potential therapeutic targets, an ability to test for activity not only in neurons but also in a range of human tissues is important.
We propose that human embryonic stem cells (ESCs) could provide a source of unmodified, physiologically functional and mature human cells. Setting aside arguments on the ethics of their use, ESCs offer significant advantages over other human stem cell types with potential for use as screening tools. Adult human stem cell lines are currently less flexible in their use than ESC-derived lines. This lack of flexibility is a consequence of their partial pre-commitment to a particular differentiation pathway [20] . This makes expansion of numbers more difficult (a critical requirement for high-throughput screening) and requires greater complexity in the processes required for differentiation if multiple final cell types are required. Induced, pluripotent stem cells (iPSCs) have also yet to live up to their initial promise. Importantly, while iPSCs and ESCs have similar transcriptional profiles, the embryoid bodies derived from the two cell sources (and currently critical for differentiation) have very different transcriptional profiles [21] . Thus, while they may ultimately be important tools for exploring the impact of an individual's genetic background on risk of stroke and may allow personalised medicine in less time-constrained diseases, they offer little advantage as an initial screening tool. Conversely, ES cells can be maintained in culture for a large number of passages and can easily be differentiated towards a range of different cell types [15] . This is important because high-throughput screening will be most effective when all of the cell types which might contribute to a disease are available. For stroke, this would include not only neurons, astroglia, oligodendroglia and microglia but also vascular endothelial cells, pericytes, vascular smooth muscle cells and circulating inflammatory cells. Such cultures lend themselves to the detailed and systematic evaluation of drug-induced gene expression and cellular biochemistry under a range of physiological and injurious conditions [22, 23] and permit the use of relatively straightforward antisense and transfection technologies to modify the experimental environment.
When the final target species is Homo sapiens, there is little logic to in vitro testing in cells from other species if human cell cultures are available at similar cost. Since in vitro testing is considerably cheaper than in vivo testing, it is also the logical place to conduct candidate screening experiments. For example, in our own laboratory, it costs approximately $1,000 to induce stroke in one rat and maintain it for 24 h of examining outcome with simple behavioural and histology testing. Therefore, to examine just a dose-response relationship with infarct volume as the outcome measure, it costs approximately $90,000 for six drug concentrations with a cohort size of 15 powered to detect a 30 % effect at the 0.05 level. To perform an equivalent screening experiment in human ESC-derived neurons would cost approximately $2,500 to examine cell death in assays of oxygen-glucose deprivation and oxidative stress. We would expect this cost to fall significantly as high-throughput methodologies are developed. Moreover, as only drugs shown to be effective in these human systems would then be taken further into preclinical animal experiments, animal usage would be reduced. This has both ethical and financial benefits [24] .
Cells derived from ESCs also have the potential to be grown either as pure cultures, to study drug effects on individual cell types or as coculture models able to examine the impact of cellular interactions. For example, it is already possible to create a microfluidic model of the blood-brain barrier [25] . This could be populated by human stem cellderived endothelial cells, astrocytes and neurons to permit study of the damaging effects of hyperglycaemia on bloodbrain barrier integrity, drugs that modify endothelial tight junction function or the dynamics of reperfusion injury after stroke. Similarly, lithographic preparation of sophisticated three-dimensional scaffolds already allows the study of interactions between cultured human neurons and Schwann cells [26] .
Recent advances in stem cell biology provide the means to generate functionally relevant differentiated human neuronal and glial cell lines. These preparations are practical because exactly the same cells can be produced time after time and the desired cells can be produced in sufficient numbers to permit high-throughput screening during the early stages of drug development. High-throughput microscopy and functional assessment now also offer highly reproducible tools to examine drug-induced alterations of phenotype in these testing systems. Importantly, as culture systems and tissue engineering evolve, we will be able to apply increasingly realistic models of stroke. While embryonic stem cells will offer the possibility of cross-laboratory consistency, inducible pluripotent stem cells from subjects with specific genetic backgrounds and genetic manipulation will eventually offer the stroke researcher many of the advantages of transgenic animals in probing stroke biology.
The cost of stroke to the community is large but so is the cost of drug development, and recurrent translational failure reduces the likelihood of future research and development investment. We do not propose that interventions which are effective in an in vitro screening system should normally be taken directly to clinical trial. Nor do we suggest that effective stroke drugs will only be found for targets that are unique to humans. Rather, we suggest that human tissues can now effectively contribute to our screening armamentarium to ensure that we do not waste effort on agents with little chance of success in humans.
Which molecules should be screened for activity? If, as the literature suggests, the quality of in vivo testing has been poor, it would seem sensible to re-screen the agents previously reported as having activity in animal in vivo and in vitro experiments [1] . Before progressing to the millions of new chemical entities in pharmaceutical company libraries, it would also seem logical to screen the approximately 22,000 drugs already approved by FDA for other indications.
We use model systems to reduce complexity to manageable levels and allow us to more rapidly indentify interesting science, in this case drugs to treat human disease. However, once good candidates have been identified, complexity must be reintroduced to make sure that unforeseen interactions within the body do not negate the desired therapeutic effect. To this end, we believe that in vitro human screening will be more cost-effective than taking every agent straight into whole animal experiments. The majority of those agents which show interesting biology in vitro should then progress through rigorous experiments in small laboratory animals where the key facets of stroke systems biology such as time frame of effects, penumbral salvage, influence of co-morbidities and influence of co-treatments can be probed to ensure that the candidate drugs' effects are consistent with our understanding of stroke biology. The experience with TGN1412 indicates that we cannot assume that non-human primate testing will provide adequate confirmation of activity/safety before progressing to a clinical trial. Moreover, we cannot escape the possibility that some drugs might only work in humans. Only testing in human tissues will identify such drugs, but the onward path to clinical trial will involve more risk than normal as whole animal data would be absent. One solution to this might be to require confirmation of biological targeting and effect with tools such as positron emission tomography which uses tracer quantities of the drug before looking for therapeutic effects. We believe that stem cell-derived human culture systems will make the road to the clinic less rocky.
